Plasmon-assisted Förster resonance energy transfer at the single-molecule level in the moderate quenching regime by Bohlen, J. et al.
Plasmon-assisted Förster resonance energy transfer at the single-molecule level in 
the moderate quenching regime  
J. Bohlena,b,†, Á. Cuartero-Gonzálezc,†, E. Pibiria, D. Ruhlandtd, A. I. Fernández-Domínguezc, P. Tinnefelda,b,*, G. P. Acuna1,5,*
aInstitute for Physical and Theoretical Chemistry – NanoBioScience and Braunschweig Integrated Centre of Systems Biology (BRICS), and Laboratory for Emerging Nanome-
trology (LENA), Braunschweig University of Technology, Braunschweig, Germany 
bFaculty of Chemistry and Pharmacy, NanoBioScience, Ludwig-Maximilians-Universität München, München, Germany 
cDepartamento de Física Teórica de la Materia Condensada and Condensed Matter Physics Center (IFIMAC), Universidad Autónoma de Madrid, E-28049 Madrid, Spain 
dThird Institute of Physics – Biophysics, Georg-August-Universität Göttingen, Göttingen, Germany. 
eDepartment of Physics, University of Fribourg, Chemin du Musée 3, Fribourg CH-1700, Switzerland. 
†Contributed equally 
*Corresponding author: philip.tinnefeld@cup.lmu.de, guillermo.acuna@unifr.ch
1. Spectra
An overview of all spectra, including scattering and absorption 
of the monomer nanoparticle and absorption and emission of 
the FRET pair are shown in figure S1. The data for the nanopar-
ticles are computed with the Mie Theory Calculator from 
Nanocomposix and the dye spectra are from the Atto tec web-
site.
Figure S1: Scattering (black) and absorption spectra (blue) of the employed nanoparticles with the absorption (continuous) and emission maxima (dashed) of the 
Atto532 (green) and Atto647N (red). In addition, the whole spectra of the FRET pair is diagrammed. 
  
2. Raw Data 
Figure S2: Raw data of the fluorescence lifetime and intensity of all three channels (donor in the presence of the acceptor a nd after photobleaching of the acceptor and acceptor 
only) from the measured with and without nanoparticle. 
  
3. Distance calculation between dyes and nano-
particle surface 
For the distance between dyes and nanoparticle a, the cen-
troid (S) of the fictive triangle between all possible capturing 
strands (P1, P2, P3) has to be calculated (see Figure S3). 
Figure S3: Section from the caDNano images with positions of Atto647N (PR), Atto532 
(PG), all capturing strands (P1, P2, P3) and centroid of the capturing strands (S). 
With the equations (S1) and coordinates (see table S 1) the 
centroid S (xS, yS) can be calculated. 
𝑥𝑆 =  
𝑥𝑃1 + 𝑥𝑃2 + 𝑥𝑃3
3
; 𝑦𝑆 =  
𝑦𝑃1 +  𝑦𝑃2 +  𝑦𝑃3
3
      (1) 
Table S1: coordinates of Atto647N (PR), Atto532 (PG), all capturing strands (P1, P2, P3) 
and centroid of the capturing strands (S) (the n in the index Indicates a Position, e.g. 
𝑥𝑃1 stands for the x coordinate of P1. 
 P1 P2 P3 S PR PG 
Helix (xn) 13 13 11 12.3 9 9 
Base (yn) 63 94 63 73.3 89 79 
 
Distances between S and PR or PG is calculated by the Pythago-
ras´ theorem (eq. S2, F indicates the different dyes) with the 
distance between two oligonucleotides o (0.34 nm), the diam-
eter of a helix d (2 nm) and the crossover between two helix c 
(1 nm). 
𝑑𝐹 =  √((𝑥𝑆 −  𝑥𝑃𝐹) · 𝑑 + 3𝑐 )
2 + ((𝑦𝑆 −  𝑦𝑃𝐹) · 𝑜)
2  (𝑆2) 
The distances are 10.98 nm for S-PR (dR) and 9.79 nm for S-PG 
(dG). The height difference, h, is the sum of linker between dye 
and DNA origami structure (0.5 nm), the diameter of the DNA 
origami structure (2 nm), the crossover between DNA origami 
structure and formed linking helix (1 nm), the diameter of the 
linking helix (2 nm) and linker between linking helix and NP 
(0.5 nm), so overall 6 nm. By using the Pythagoras´ theorem a 
second time and subtract the radius r of the NP, a is calculated 
by Equation (S3). 
𝑎𝐹,𝑟 =  √((ℎ + 𝑟)2 +  𝑑𝐹
2) −  𝑟                 (𝑆3) 
The overall distances are shown in table S2. 
Table S2: Distances calulations between NP surfaces and both dyes (Atto647N and 
Atto532). 
 
Figure S4: Gel images for the purified rectangular DNA origami structures with mono-
mers, polymers, oligonucleotide and the scaffold as a reference. 
Figure S5: 800800 µm images of the rectangular DNA origami structure. The holes in 
the edges and on the left and right side from sprout like center are showing the eight 
missing oligonucleotides from biotin. 
 
r [nm] aG,r [nm] AR,r [nm] 
5 10.8 11.7 
10 10.0 10.8 
15  9.4 10.1 
20  9.0 9.6 
  
Figure S6: Rectangular DNA origami structure with 5 nm gold nanoparticle with a scale 
bar ranging from 0 to 7 nm. This DNA origami structure has an height with NP of 2 nm 
(one helix). 
Table S3: Volume of the oligonucleotides with a thiol group at the 3` for nanoparticle 
with different sizes and materials. 
d [nm] 5 Au 10 Au 15 Au 20 Au 
V [µL/mL] 95.4 49.5 31.7 24 
 
Table S4: Salting steps. 
Step 1 2 3 4 5 6 7 
V [µL] 10 10 20 20 20 20 50 
Step 8 9 10 11 12 13 





4. Design of DNA origami structure
Figure S7: caDNAno image of rectangular DNA origami structure. 
  
Tab. S 5. sequences of unmodified staples. 























































































































































































Tab. S 6: Modified staples with dyes, biotin and capturing strands for NP. 




















5. Numerical calculations 
Figure S8: Numerical Purcell factor, 𝑃𝑓, spectra for the donor in presence (left) and absence (center) of the acceptor, and for the acceptor in isolation (right). Calculations for the four 
Au NP sizes considered in the experiments are shown (𝐷 indicates the NP diameter). The insets show normalized lifetimes calculated from the spectral averaging (taken within the 
colored range in the main panels) of the 𝑃𝑓 spectra and using Equation (4). Experimental and theoretical results are plotted in red circles and grey squares, respectively.   
 
Figure S9: Theoretical predictions for the FRET efficiency and rate. Right: 𝐸 = 1 − 𝑃𝑓𝐷/𝑃𝑓𝐷𝐴 (note the equivalence with Equation (3)) as a function of the donor emission wavelength. 
The inset (grey squares) plots the efficiency obtained from the spectral averaging within the green window. Left:   𝑘𝐸𝑇 ∝ 𝑉
−1 ∫ |𝐸𝐷𝐴|
2𝑑𝑉 as a function of the donor emission wave-
length. The inset (grey squares) shows the rate obtained from the spectral averaging within the green window. For comparison, the indirect prediction obtained from the evaluation 
of Equation (2) with numerical results in the insets of Figure S8 is shown in cyan squares. In both panels, red circles correspond to experimental data.   
 
 
 
 
